ABSTRACT Actuator aging is generally unavoidable in practice, and it may lead to the degradation of system performance. Therefore, how to resist the uncertainties caused by aging during the system operation is important in modern control systems. In this paper, the authors aim to address such a problem by considering controlling strict feedback systems with unknown actuator aging. Unlike the traditional parameter estimation, a piecewise update law with non-linearized aging parameters is constructed by using mean value theorem and maximum-minimum property. Thus, a new adaptive control scheme is developed successfully. It is shown that the effects caused by aging can be compensated by the proposed control law, and system stability, tracking, and transient performance can also be guaranteed.
I. INTRODUCTION
As we all know, some inherent characteristics of actuators and sensors are inevitable in practical systems. Such characteristics including strong nonlinearities [1] - [3] , unknown deadzone [4] , [5] and backlash [4] , [6] , unknown saturation [4] , [7] , [8] , unknown delay [9] - [12] , actuator and sensor failures [13] - [21] will reduce the performance of control systems. In recent twenty years, some results have been proposed to eliminate the effects of such unknown characteristics. In [4] and [5] , an adaptive output feedback controller for uncertain systems preceded by unknown dead-zone nonlinearity had been proposed. No knowledge is assumed on the unknown system parameters in the controller design and stability analysis. Backlash hysteresis has been deeply studied in [4] and [6] . An adaptive control scheme has been proposed by backstepping techniques for backlash-like which is usually modeled as a differential equation. The unknown effect caused by backlash-like can be compensated by designing estimators of its unknown parameters and the upper bound of disturbancelike term. By introducing a smooth inverse function of the backlash and using it in the controller design with backstepping technique, an adaptive out-feedback control scheme was developed for a class of uncertain dynamic nonlinear systems in [6] . Saturation had been studied in [4] , [7] , and [8] . In [7] , research subject was focused on the stochastic reliable control problem for networked control systems and a reliable controller had been proposed to against unknown actuator failures and input saturation. For a class of nonlinear systems, a robust adaptive control algorithm was proposed by using backstepping and Nussbaum approaches. Assumption on the uncertain parameters within a known compact set was removed successfully by introducing a well defined smooth function in the last recursive step. The authors have been engaged in the research of this area from ten years ago. Some results have been obtained about the adaptive compensation controller design for nonlinear system with unknown failures of hysteretic actuators [13] - [16] .
Serving as an inevitable property of actuators and sensors, aging has the same importance with backlash, saturation and unknown failures of actuators in the system analysis. Unfortunately, there is still no result available to resist unknown aging for nonlinear systems while other inherent characteristics of actuators including strong nonlinearities and unknown failures [13] - [21] have been deeply studied. Some achievements related to unknown aging mainly focus on the structure of aging and there is lack of results on controller design and stability analysis [22] , [23] . Thus we aim to address such a problem by considering a class of nonlinear systems with unknown actuator aging and develop a new adaptive control scheme to compensate aging effect. It is well known that aging parameter is often nonlinearly parameterized. Therefore it can not be estimated by designing estimator based on traditional adaptive approaches. To address such a problem, we linearize attenuation factor δ(t, σ ) by Mean Value Theorem firstly. Then a piecewise estimation function of unknown aging parameter σ is constructed and it can realize the accurate compensation to the effect caused by unknown aging. So we can obtain better performance under this proposed update law and adaptive control law. In addition, the transient performance depends on the initial estimate errors is established.
The rest of the paper is organized as follows: unknown actuator aging model is described in Section 2. Then in Section 3, a new adaptive control scheme including control and update laws of unknown parameters is developed. The main results about stability analysis is also given in this Section. Simulation is studied in Section 4 and the simulations verify the effectiveness of the developed adaptive control scheme. Finally, the paper is concluded in Section 5.
II. MODELS AND PROBLEM STATEMENT
To illustrate our design ideas, the following uncertain nonlinear system model is considereḋ
where x = [x 1 , x 2 , . . . , x n ] T ∈ R n is system state, y ∈ R is output, u ∈ R is input. ϕ 0 ∈ R, ϕ i ∈ R p are known and sufficient smooth functions while θ ∈ R p are unknown constant parameter. d(t) is unknown external disturbance.
Aging is an inevitable phenomenon which should be considered in the control systems. Here the actuator aging is described as
where u is the output of actuator and δ(t, σ ) is called 'attenuation factor'. σ is unknown constant parameter. With unknown aging given in (2), the system model can be written as followṡ
Remark 1: There are two cases about unknown aging which are discussed as follows
There is no aging in this actuator.
• 0 < δ(t, σ ) < 1. It indicates the occurrence of aging.
To design adaptive control scheme, the following Assumptions are made. Remark 2: The unknown parameter σ existing in function δ(t, σ ) is nonlinearly parameterized. Therefore, the uncertainty caused by unknown parameter σ can not be compensated by designing adaptive update law with traditional adaptive technique. In other words, there is still no result available to solve the direct estimation of nonlinearly parameterized parameter of aging. In this paper, we address such a problem by the proposed adaptive control scheme with new direct estimator.
Assumption 2: The eference signal y r (t) and its ith-order (i = 1, 2, . . . , n − 1) derivatives are known and bounded.
III. DESIGN AND ANALYSIS OF ADAPTIVE CONTROLLERS
Our control purpose is to design an adaptive control scheme to guarantee the stability of closed loop systems. To carry out the design of control law and adaptive update laws, the following change of coordinates are introduced.
where z 1 is tracking error.
A. CONTROL DESIGN
In this subsection, we will use backstepping technique as [4] and [24] to propose the adaptive control law and update laws of unknown parameters under the unknown aging of actuators. The following recursive design steps are shown.
Step 1: From the change of coordinates given above, the derivative of z 1 can be rewritten aṡ
where α 1 is the virtual control. We define Lyapunov function as follows
where is a positive definite matrix andθ is an estimate of unknown parameter θ . Estimation errorθ = θ −θ . Virtual control α 1 can be chosen as
where c 1 is a positive design constant. From (5)- (6) and (7), we can get the derivative of V 1 iṡ
where τ 1 is a turning function and it can be chosen as
Step i(i = 2, 3, . . . , n − 1): The following Lyapunov function V i is considered.
The virtual control α i and turning function τ i can be chosen as follows
where c i is a positive design parameter. The derivative of V i iṡ
Step n: From (3) and (4), the derivative of z n can be rewritten as followṡ
Now we give the adaptive control law and parameters update laws directly
whereD is an estimate of unknown constant parameter D which is the unknown upper bound of disturbance d(t).σ is the estimation of unknown constant parameter σ and will be given bellow. τ n is a tuning function.
2) UPDATE LAWṠ
where η d , η σ are positive design constants.
Remark 3: Unlike the traditional adaptive backstepping, the estimation of non-linearized parameter σ shown in unknown aging δ(σ, t) is constructed. Such estimation can realize the accurate compensation to the effect caused by unknown aging. Then we can obtain better performance and the results are confirmed by the following Theorem 1.
B. STABILITY ANALYSIS
To establish main results, the following Lyapunov function is considered firstly.
With (15), the derivative of z n can be rewritten as followṡ
With Mean Value Theorem, we can get
Note thatσ can be bounded in a compact set due to proj(·) is used in update law. Namely,
Then we can get
With Assumption 2, we have
With (20), we can get
where
Then from (22), we can obtain
With above analysis, the derivation of V can be rewritten aṡ
With (25), we can geṫ
With (8), we havė
With update laws given in (17), we can geṫ
Theorem 1: Consider the system (1), with unknown actuator aging described by (2) . Under the Assumption 1 to Assumption 3 and with the control law in (15) and the update laws in (17) , the closed-loop system is globally stable. In addition, the following statements hold.
• Asymptotic tracking is achieved, i.e.
lim t→∞ |y − y r | = 0. VOLUME 7, 2019 • The transient tracking error performance is given by
Proof: Similar to [4] , [6] , and [24] , with (30) and from Lassalle's Theorem, the Lyapunov function shown in (18) provides the proof of uniform stability, such that z i (i = 1, 2, · · · , n),θ ,D,σ are bounded and z i → 0(i = 1, 2, · · · , n). Since x 1 = z 1 + y r and z 1 is bounded, we have x 1 is bounded. The boundedness of x 2 follows from boundedness ofẏ r and α 1 in (7). Similarly, the boundedness of x i (i = 3, · · · , n) can be ensured from the boundedness of y (i−1) r and α i . So from the control law (15) , u c is ensured bounded. Then the global stability of closed-loop system has been established. In additon, it further follows that z i (t) → 0 (t → ∞), which implies that lim t→∞ |y − y r | = 0.
We also have that
From (30), we havė
Then we have
Thus, by setting z i (0) = 0; i = 1, 2, · · · , n, we obtain
Remark 4: The transient performance given in Theorem 1 depends on the initial estimate errorsθ (0),D(0),σ (0). The closer the initial estimates to the true values, the better the transient performance.
IV. SIMULATION STUDIES
In the simulation, the system which will be given to illustrate the effectiveness of the proposed control law and update laws is described as follows.
where φ 0 (x) = sin(x 1 ) + 0.5cos(x 2 ), φ 2 = e −(x 1 +x 2 ) are known smooth functions while δ(t, σ ) = e −σ t + 0.1 is unknown attenuation factor due to the existing of unknown The output signal and reference signal y r = sint are given in Fig.1. Fig.2 and Fig.3 show the tracking error and input u c , respectively. When we chose the reference signal y r = 1 − e −t , the output signal and reference signal, tracking error, input u c are shown in Fig.4-Fig.6 , respectively. Clearly, above simulation results verify that the stability of closed-loop systems and tracking performance are achieved successfully.
V. CONCLUSION
A new adaptive control scheme including control law and parameters update laws is developed to compensate the uncertainties caused by unknown actuator aging. System stability and output tracking performance can be ensured by the proposed schemes. In addition, the transient performance depends on the initial estimate errors is achieved successfully. Finally, our simulation results also verify the main results shown in Theorem 1. 
